Introduction 50
Experience-dependent synaptic plasticity in sensory cortices is widely 51 accepted to be essential for developmental fine-tuning and adaptation of cortical 52 circuits to on-going changes in the sensory environment. While input-specific 53 synaptic plasticity, such as long-term potentiation (LTP) and long-term 54 depression (LTD), rapidly adjusts the synapses in response to on-going neural 55 activity, homeostatic mechanisms are thought to provide stability to the neural 56 network by acting on global cell-wide variables. Experience-induced homeostatic 57 synaptic changes are considered especially important during postnatal 58 development, where it provides stability to the developing neural circuit that is 59 constantly being adjusted to the environment. One form of homeostatic plasticity 60 is global homeostatic synaptic scaling (Turrigiano et al. 1998; Turrigiano and 61 Nelson 2004) , in which a period of inactivity results in scaling up of excitatory 62 synaptic strength, while increased activity scales it down. Several studies 63
showed that visual deprivation scales up excitatory synapses in primary visual 64 cortex (V1), but such changes happen at distinct periods during postnatal 65 development depending on the lamina. For instance, layer 4 (L4) neurons show 66 an early critical period for synaptic scaling, which starts a few days after eye 67 opening at around postnatal age day 16 (P16) and ends within a few days (by 68 P21) (Desai et al. 2002) . On the other hand, in L2/3 neurons homeostatic 69 synaptic scaling starts later at around P21 (Desai et al. 2002) and persists into 70 adulthood (Goel and Lee 2007) . A recent study showed that in L5, visual 71 deprivation suppresses intrinsic excitability of pyramidal neurons, and promotes 72 high frequency firing induced long-term potentiation (LTP) of intrinsic excitability 73 (Nataraj et al. 2010 ). This contrasts a lack of change in intrinsic excitability of L4 74 neurons (Maffei et al. 2004) . Collectively, these results suggest that principal 75 neurons in different layers of V1 undergo distinct homeostatic regulation with 76 visual deprivation. In this study, we examined whether and how visual 77 experience alters excitatory synapses on L6 pyramidal neurons. 78
In a canonical circuit of V1, L6 is similar to L4 in that it receives direct 79 thalamocortical inputs as well as processed intracortical inputs (Binzegger et al. 80 2004; Burkhalter 1989; da Costa and Martin 2009; LeVay and Gilbert 1976; 81 Ribak and Peters 1975; Zarrinpar and Callaway 2006) . However, L6 differs from 82
L4 in that one of its outputs targets the dorsal lateral geniculate nucleus (dLGN) 83
often with collaterals innervating the thalamic reticular complex, and a subset of 84 neurons targets higher order thalamic nuclei (Bourassa and Deschenes 1995) . 85
There is evidence that corticogeniculate inputs originating from L6 modulate 86 sensory processing of LGN neurons in diverse species (Briggs and Usrey 2009; 87 de Labra et al. 2007; Marrocco et al. 1996; McClurkin and Marrocco 1984) . 88
Despite their proposed role in shaping visual processing in LGN (Thomson 89 2010), there is little information as to how L6 neurons alter their synapses 90 following alterations in visual experience. Here we report that the changes in 91 visual experience lead to differential regulation of excitatory synapses of L6 92 pyramidal neurons depending on the developmental age of the animal. 93
94

Materials and Methods 95
Animals 96 C57BL/6 mice (Jackson Laboratories) were raised in a normal light 97 condition (12 hr light/12 hr dark cycle). Dark-exposure (DE) was initiated at P14 98 or P21 for durations of 2 or 7 days. Age-matched control normal-reared (NR) 99 animals remained in the normal light condition. Animals in the dark were cared 100 for using infrared vision goggles under dim infrared light. A select group of DE 101 mice were re-exposed to normal light condition for 1 day to study the effect of re-102 exposure to light (LE). All experiments were approved by the University of 103
Maryland Institutional Animal Care and Use Committee (IACUC) and followed the 104 guidelines of the Animal Welfare Act. 105
106
Visual cortical slice preparation 107
Mice were deeply anesthetized using isoflurane vapors. The brain was 108 then quickly removed and immersed in ice-cold dissection buffer (in mM: 212.7 109 sucrose, 10 dextrose, 3 MgCl 2 , 1 CaCl 2 , 2.6 KCl, 1.23 NaH 2 PO 4 , 26 NaHCO 3 ) 110 bubbled with 95% O 2 /5% CO 2 mixture. Blocks containing primary visual cortices 111 were dissected and coronally sectioned into 300 µm thick slices using a 112
Vibratome 3000 plus microslicer (Ted Pella, Reddinsg, CA). The slices were 113 then transferred to a holding chamber with artificial cerebrospinal fluid (ACSF, 114 composition in mM: 124 NaCl, 5 KCl, 1.23 NaH 2 PO 4 •H 2 0, 26 NaHCO 3 , 10 115 dextrose, 1.5 MgCl 2 , and 2.5 CaCl 2 ; saturated with 95% O 2 /5% CO 2 ). The slices 116
were then allowed to recover for 1 hour at room temperature before use for 117
recording. 118 119
Electrophysiology 120
Slices were transferred to a submersion-type recording chamber mounted 121 on a fixed-stage of an upright microscope (E600 FN; Nikon, Tokyo, Japan) with 122 infrared (IR) oblique illumination. AMPA receptor (AMPAR)-mediated miniature 123 excitatory postsynaptic currents (mEPSCs) were pharmacologically isolated by 124 adding: 1 µM tetrodotoxin (TTX), 20 µM bicuculline, and 100 µM DL-2-amino-5-125 phosphonopentanoic acid (DL-APV) to ACSF (30 ± 1˚C, saturated with 95% 126 O 2 /5% CO 2 ), which was continually perfused at a rate of 2 ml/min. Target cells in 127 L6 were identified by the pyramidal-shaped soma with the apical dendrite 128 pointing towards the pia. These neurons were patched using a whole-cell patch 129 pipette (tip resistance: 3-5 MΩ), which was filled with internal solution (in mM: 130 130 Cs-gluconate, 8 KCl, 1 EGTA, 10 HEPES, 4 ATP, 5 QX-314; pH 7.4, 285-131 295 mOsm). Recording was initiated 2-3 min after break-in, and each cell was 132 recorded for 8-10 min to collect enough mEPSCs for analysis. Biocytin (1 mg/ml) 133 was included in the internal solution to confirm the morphology and location of a 134 subset of the recorded neurons. All of the reconstructed neurons (n = 14) were 135 identified as pyramidal based on their soma morphology and prominent apical 136 dendrites with spines. Only one of these was excluded from analysis because it 137 was identified as a L5 pyramidal neuron. Axon patch-clamp amplifier 700B 138 (Molecular Devices, Union City, CA) was used for voltage-clamp recordings. 139
Cells were held at -80mV, and the recorded mEPSC data were digitized at 10 140 kHz by a data acquisition board (National Instruments, Austin, TX) and acquired 141 through custom-made programs using the Igor Pro software (WaveMetrics, Lake 142
Oswego, OR). The Mini Analysis program (Synaptosoft, Decatur, GA) was used 143 to analyze the acquired mEPSCs. The threshold for detecting mEPSCs was set 144 at 3 times the root mean square (RMS) noise. There was no significant 145 difference in the RMS noise across the groups [P16: NR = 1.5 ± 0.08 (n = 10), 146 DE = 1.6 ± 0.09 (n = 10), LE = 1.5 ± 0.08 (n = 9); ANOVA, F (2,26) = 0.56, p > 0.58; 147 P24: NR = 1.7 ± 0.07 (n = 10), DE = 1.6 ± 0.06 (n = 10); t test, p > 0.11; p28: NR 148 = 1.5 ± 0.04 (n = 12), DE = 1.6 ± 0.07 (n = 14), LE = 1.5 ± 0.04 (n = 13); ANOVA, 149 21 ± 1.7 pA, n = 10 cells, 7 mice; light exposure (LE), 13.9 ± 0.8 pA, n = 9 cells, 5 202 mice; ANOVA, F (2,26) = 9.98, p < 0.001] (Fig. 1B-D) . The decrease in mEPSC 203 amplitude in the 1-day light exposure group was accompanied by a significant 204 increase in mEPSC decay kinetics (Table 1) , which suggests changes in AMPAR 205 function (Mosbacher et al. 1994 ). On the other hand, there was no significant 206 difference either in the average mEPSC frequency (P16 NR, 1.4 ± 0.5 Hz, n = 10; 207 DE, 2.1 ± 0.8 Hz, n = 10; LE, 0.5 ± 0.07 Hz, n = 9; ANOVA, F (2,26) = 2.04, p > 208 0.15) (Fig. 1E ) or in the general cell properties (Table 1) among the 3 groups. 209
Previously, we reported that in L2/3 neurons the DE-induced scaling up of 210 mEPSCs follows the rules of multiplicative synaptic scaling (Gao et al. 2010; 211 Goel et al. 2006; Goel and Lee 2007) . The interesting property of multiplicative 212 synaptic scaling is that it allows preservation of relative differences in synaptic 213 strength across synapses despite global changes across all synapses (Turrigiano 214 et al. 1998; Turrigiano and Nelson 2004) . To test whether the DE-induced 215 scaling in L6 is multiplicative, we compared the cumulative probability curve of 216 mEPSC amplitude of DE with that of NR mEPSCs scaled up by multiplying with a 217 factor of 1.54 (NR scaled ) to match the average mEPSC to that of DE. We found 218 that the cumulative probability of mEPSCs from DE and NR scaled are significantly 219 different (Kolmogorov-Smirnov test, p < 0.005) suggesting that the change is not 220 multiplicative (Fig. 1F) . This was also the case for DE and LE groups (DE scaled : 221 scaling factor 0.71; Kolmogorov-Smirnov test, p < 0.02) (Fig. 1G) . These results 222 suggest that visual experience-dependent homeostatic plasticity does not affect 223 all synapses in L6 neurons equally. 224 225
Lack of homeostatic synaptic plasticity in L6 of P21 mice 226
Next we determined whether DE-induced changes in L6 neurons are 227 restricted to an early critical period, like L4 (Desai et al. 2002) . To test this, mice 228 were dark-exposed for 2 days from P21 to P23. In contrast to younger mice, at 229 this later age 2 days of DE did not significantly change either the average 230 amplitude of the mEPSCs (P23 NR, 13.1 ± 0.9 pA, n = 10 cells, 5 mice; DE, 13.8 231 ± 1.1 pA, n = 10 cells, 7 mice; t-test, p > 0.59) ( Fig. 2A-C) or their average 232 frequency (P23 NR, 1.8 ± 0.3 Hz, n = 10; DE, 1.3 ± 0.2 Hz, n = 10; t-test, p > 233 0.19) (Fig. 2D) . Interestingly, however, DE significantly altered the amplitude 234 distribution of the mEPSC amplitudes (Kolmogorov-Smirnov test, p < 0.0001) 235 (Fig. 2E, top) . In particular, there was an increase in the fraction of smaller and 236 larger mEPSCs at the expense of medium sized mEPSCs in the DE group 237 compared to NR (Fig. 2E, bottom) . This suggests that excitatory synapses on L6 238 neurons are malleable with visual deprivation at this later age, but the direction 239 and magnitude of changes balance each other such that there is no net alteration 240 in average synaptic weight. In any case, our results support the idea that L6 and 241 L4 share similarities of having an early critical period for homeostatic synaptic 242 plasticity with brief duration of DE. 243
244
A longer duration of DE decreases L6 mEPSCs in P21 mice 245
To determine whether the absence of homeostatic synaptic plasticity in L6 246 at later ages is due to a complete termination of the plasticity mechanisms or due 247 to a requirement of a longer duration of visual deprivation, we repeated the study 248 using 7 days of DE (7d-DE) initiated at P21. Surprisingly, we found that the 249 longer duration of DE now decreased the average mEPSC amplitude in L6 250 neurons, which reversed back to normal levels with 1 day of light exposure (P28 251 NR, 12.5 ± 0.8 pA, n = 12 cells, 7 mice; DE, 10.6 ± 0.6 pA, n = 14 cells, 8 mice; 252 LE, 13.4 ± 0.9, n = 13 cells, 5 mice; ANOVA F (2,36) = 3.382, p < 0.05) (Fig. 3A-C) . 253
There was no significant change in mEPSC frequency (P28 NR, 1.0 ± 0.2 Hz, n = 254 12; DE, 1.6 ± 0.3 Hz, n = 14; 1d-LE, 1.4 ± 0.4, n = 13; ANOVA F (2,36) = 1.105, p > 255 0.34) (Fig. 3D) , suggesting a postsynaptic change. The 7d-DE group showed an 256 increase in the mEPSC decay time constant (τ), which reversed back to NR 257 levels with 1-day of light exposure (Table 1) . This further corroborates 258 postsynaptic regulation of AMPAR function. The decrease in mEPSC amplitude 259 following 7d-DE was not multiplicative in nature, because the cumulative 260 probability curve of mEPSCs of NR scaled down with a scaling factor of 0.85 261 (NR scaled ) was significantly different from that of DE (Kolmogorov-Smirnov test, p 262 < 0.0001) (Fig. 3E) . Re-exposure to light for 1 day after 7d-DE was sufficient to 263 increase the mEPSC amplitude to NR levels with a scaling factor of 1.26, but 264 again in a non-multiplicative manner (Kolmogorov-Smirnov test, p < 0.0001) (Fig.  265   3F ). These data suggest that later in development L6 neurons respond to a 266 longer duration of visual deprivation by decreasing the strength of their excitatory 267 synapses, but this novel form of synaptic plasticity is in an opposite direction to 268 what is predicted from the homeostatic synaptic scaling hypothesis. 269
270
Discussion 271
We demonstrated that L6 neurons share similarities with L4 neurons in 272 that they display an early critical period for homeostatic synaptic plasticity with a 273 brief duration of DE. The homeostatic increase in mEPSC amplitude of L6 274 neurons triggered by 2 days of DE was rapidly reversed by 1 day of light 275 exposure. While 2 days of DE initiated later in life (at P21) was ineffective at 276 causing a net change in the average mEPSC amplitude, a longer duration of DE 277 decreased the average mEPSC amplitude (Fig. 4A) . The visual experience-278 induced changes in mEPSC amplitude at both younger and older ages did not 279 accompany alterations in mEPSC frequency, but was associated with changes in 280 mEPSC decay kinetics, which suggest that they occur via postsynaptic regulation 281 of AMPARs. 282
Our observation that L6 neurons of young mice homeostatically increase 283 their excitatory synapses with brief DE only early in development is similar to 284 observations made in L4 (Desai et al. 2002) . These results corroborate the idea 285 that thalamic recipient layers are highly plastic during an early critical period. 286
While the direction of change in mEPSCs with 2 days of DE is consistent with 287
what is expected of a homeostatic adaptation, it did not occur via a multiplicative 288 synaptic scaling mechanism. This is qualitatively different from multiplicative 289 synaptic scaling observed in L2/3 at a later developmental time point (i.e. P21-290 Whether visual experience differentially affects geniculocortical and intracortical 305 inputs or intracortical inputs originating from specific layers would require further 306 studies. As a note of caution, we cannot rule out the possibility that visual 307 experience may have altered the dendritic cable properties, which could 308 potentially influence the sampling of a subset of synaptic populations. However, it 309 is unlikely that this could happen at a gross level, because we did not see a 310 correlation between dendritic filtering and experimental manipulations (data not 311 shown), and the reversal potential for mEPSCs was as expected (E rev = 6 ± 2.5 312 mV, n = 4 cells). Furthermore, comparing mEPSC charge transfer, which is less 313 affected by dendritic filtering and space clamp than the peak current amplitude 314 (Spruston et al. 1993) , showed comparable changes with visual experience 315 ( Figure 4C) . 316
An unexpected finding from our work is that at P21, a short duration (2 317 days) of DE did not cause a net change, but a longer duration (7 days) of DE 318 decreased the average amplitude of mEPSCs. Even though 2 days of DE did 319 not result in a net change in the average mEPSC amplitude, there was a 320 significant shift in the distribution of mEPSCs. This suggests that a short 321 duration of DE increases and decreases the strength of individual synapses on 322 L6 neurons, but these cancel each other such that there is no net change in the 323 average (Fig. 2E, bottom) . However, with a longer duration DE, L6 synapses 324 manifestation of a non-homeostatic synaptic plasticity, such as long-term 337 depression (LTD), which is expected from a reduction of input activity to specific 338 sets of synapses. It is known that L6 neurons undergo pairing-induced LTD of 339 intracortical inputs originating from superficial layers, which depends on the 340 activation of metabotropic glutamate receptors (mGluRs) (Rao and Daw 2004) . 341
The average decrease in mEPSC amplitude with 7 days of DE (~18%) is within 342 the range of the magnitude of LTD (10-20%) observed in mouse visual cortex 343 (Choi et al. 2002; Kirkwood et al. 1997) . Such decrease in synaptic weight will 344 bring inputs that were previously just above threshold for producing action 345 potentials to subthreshold, which would alter the information propagation in the 346 L6 circuit. In any case, the decrease in mEPSC amplitude was not multiplicative, 347 and was readily reversed by 1 day of light exposure. Furthermore, the decrease 348 in mEPSC amplitude with 7 days of DE was associated with a concomitant 349 increase in the mEPSC decay kinetics, which suggests that the changes are 350 mediated by regulation of postsynaptic AMPAR function. Specifically, our data 351 suggest that the mEPSC amplitude changes may be due to regulation of AMPAR 352 subunit composition, because AMPARs containing the edited form of GluA2 (or 353 GluR2) subunit display slower decay kinetics and lower conductance than GluA2-354 lacking receptors (Mosbacher et al. 1994) . The regulation of GluA2-lacking 355
AMPARs was also observed in L2/3 accompanying multiplicative homeostatic 356 synaptic plasticity (Goel et al. 2006 ). These results suggest that the regulation of 357 AMPAR subunit composition may be a general mechanism for adjusting synaptic 358 gain in V1 regardless of the mode of synaptic plasticity. While the exact nature 359 of synaptic changes in L6 at older developmental ages would require further 360 investigation, our findings suggest that L6 synapses, at least a subpopulation of 361 them, are capable of undergoing plastic changes with visual deprivation even 362 after the short early critical period for homeostatic synaptic plasticity. 363
We have shown that visual deprivation leads to two distinct outcomes at 364 L6 excitatory synapses depending on the age of the animal and the duration of 365 visual deprivation. While we did not observe a significant change in the average 366 mEPSC amplitude across the developmental ages examined (Fig. 4A) , we 367 nonetheless found that that distribution of mEPSC amplitudes significantly 368 changed (Fig. 4B ). This suggests that there is considerable adjustment of 369 excitatory synaptic gain during this developmental period, which may alter the 370 1.7 ± 0.08 3.9 ± 0.3 439 ± 70 22.6 ± 1.1
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